Introduction {#Sec1}
============

Lung cancer is the leading cause of cancer-related mortality, which accounts for one-quarter of all cancer deaths \[[@CR1]\]. Growing evidence demonstrated that tobacco smoke and air pollution are all main causes of lung cancer \[[@CR2], [@CR3]\]. Moreover, the promoting role of inflammation in lung cancer has been reported \[[@CR4], [@CR5]\]. Indeed, chronic obstructive pulmonary disease (COPD), pulmonary inflammatory diseases, was associated with higher lung cancer risk \[[@CR6]\]. A chronic inflammatory micro-environment in the lung has been proposed to play a critical role in lung tumorigenesis. Lipopolysaccharide (LPS), a major proinflammatory component, can induce pulmonary inflammatory response, such as inflammatory cells infiltration, inflammatory cytokine release and so on, by activating NF-κB and NLRP3 signaling pathways \[[@CR7], [@CR8]\]. An earlier study has shown that LPS-induced pulmonary inflammatory changes in mouse enhance lung tumorigenesis induced by 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) \[[@CR9]\]. Benzo(a)pyrene \[B(a)p\] is the identified and important complete lung carcinogens and the carcinogenic capacity has been reported in studies both in vitro and in vivo \[[@CR10], [@CR11]\]. Although LPS-induced pulmonary inflammation could be a critical contributor to the induction of genotoxicity by B(a)p \[[@CR12]\], the molecular mechanisms responsible for the enhancement of pulmonary inflammation in lung tumorigenesis have not been fully clarified.

NLRP3, a subset of the NOD-like receptor (NLR) family, can assemble with the adaptor apoptosis-associated speck-like protein (ASC) and procaspase-1 to form the NLRP3 inflammasome, which results in caspase-1 activation, and then leads to the release of interleukin (IL)-1β and IL-18 and the induction of pyroptosis \[[@CR13]\]. For NLRP3 inflammasome, it has been reported to be involved in the pathologic process of inflammatory diseases, such as chronic airway diseases, inflammatory bowel diseases and so on \[[@CR14], [@CR15]\]. Furthermore, it was well documented that NLRP3 inflammasome plays a vital role in tumor development \[[@CR16]\]. Multiple studies have demonstrated that NLRP3 inflammasome is largely protective in an inflammatory model of colorectal cancer \[[@CR17], [@CR18]\]. In addition, the promotive role of NLRP3 inflammasome in lung metastases, breast cancer and gastric carcinoma also has been reported \[[@CR19]\]. However, the role of NLRP3 inflammasome in lung tumorigenesis, especially in inflammation-related lung tumorigenesis, remains unclear.

In this study, we investigated whether NLRP3 inflammasome play a detrimental role in promoting lung tumorigenesis using NLRP3−/− mice and C57BL/6J mice. To model inflammation-driven lung cancer, mice were instilled with B(a)p and then treated with LPS. Our findings could provide a novel therapeutic strategy for the treatment of lung cancer.

Materials and methods {#Sec2}
=====================

Animals {#Sec3}
-------

NLRP3−/− mice on a C57BL/6J background were obtained as gift generously from Professor Aihua Zhang in Nanjing Children's Hospital to explore the role of NLRP3 in the mouse model of inflammation-driven lung cancer. C57BL/6J mice (wide-type, WT) were bred from their heterozygous littermates in the College of Public Health of Zhengzhou University, Henan, China, and raised in stainless steel cages under standard conditions and allowed food and water ad libitum. The temperature was maintained at 22 °C, and the lights began from 08:00 to 20:00. All experimental procedures were approved by the Life Science Institutional Review Board of Zhengzhou University and performed strictly in accordance with the Guideline of Zhengzhou University for Animal Experiments.

Inflammation-driven lung cancer mouse model {#Sec4}
-------------------------------------------

NLRP3−/− mice and WT mice (half male and female, approximately 6--8 weeks old, 20-30 g) were randomly divided into four treatment groups, respectively, and treated as shown in Fig. [1](#Fig1){ref-type="fig"}. In detail, mice in groups 3 (*n* = 35) and 4 (*n* = 35) were instilled intratracheally with B(a)p (1 mg/mouse, dissolved in 50 μl glyceryl trioctanoate) once a week for 4 times \[the week of the last time of B(a)p treatment named Week 0\], whereas mice in group 1 (*n* = 15) were administered 50 μl glyceryl trioctanoate in a similar manner. At Week 3, mice in groups 2 (*n* = 15) and 4 were instilled intratracheally with LPS at a dose of 2.5 μg/mouse in 50 μL saline once every three weeks for 5 times. All instillations were performed under anesthesia with isoflurane (Sigma). The mice were anaesthesia by pentobarbital sodium (100 mg/kg) at Week 30. The lungs were harvested, and visible tumors on the surface of the lung were counted and the size of lung tumors was accessed using a straightedge. The left lobes of the lungs of group 1--4 were fixed in 4% paraformaldehyde for histopathological studies and the right lobes were stored at − 80 °C for subsequent assays. To assess the effect of the vehicle (glyceryl trioctanoate), NLRP3−/− mice (*n* = 6) and WT mice (*n* = 6) without any treatment (half male and female, approximately 6--8 weeks old, 20-30 g) were as normal control, the left lobes of the lungs of normal control mice were also collected and fixed for histopathology when they were fed for 34 weeks.Fig. 1Experimental design of the study. NLRP3−/− mice and WT mice were randomly divided into four treatment groups, respectively. As follows: Group 1 (*n* = 15): Vehicle control; Group 2 (*n* = 15): LPS; Group 3 (*n* = 35): B(a)p; Group 4 (*n* = 35): B(a)p plus LPS. NLRP3−/− mice and WT mice, 6--8 weeks old, were instilled intratracheally with B(a)p once a week for 4 times and instilled intratracheally with LPS once every three weeks for 5 times since Week 3. Thirty weeks after the week of the last dose of B(a)p, mice were anaesthesia by pentobarbital sodium

Lung coefficient {#Sec5}
----------------

The mice were euthanized at Week 30 and the lungs were removed from sacrificed mice. Whole lung tissues were washed in saline solution, sucked dry with filter paper, and then weighted. Lung coefficient was expressed as the percentage of the weight of respective lung of that mouse in the body weight of that mouse.

Examination of lung pathological alterations {#Sec6}
--------------------------------------------

The left lobes of the lungs were placed in 4% paraformaldehyde overnight. After fixation, the lung tissues were embedded in paraffin, and cut into the sections of 5 μm in thickness to stain with haematoxylin and eosin (HE).

Lung tumors were classified as adenoma or squamous cell carcinoma based on those published by Nikitin et al. \[[@CR20]\], and all the subtypes of lung cancer of mice were assessed independently by two experienced pathologists in a blinded manner. Adenoma, well circumscribed areas consisting of cuboidal to columnar cells lining alveoli, was usually small in size and retained preexisting alveolar structure, and which included solid, papillary and mixed subtypes. However, the hallmarks of squamous cell carcinoma are the differentiation features of the squamous epithelium: keratinization and intercellular bridges.

Transmission electron microscopy {#Sec7}
--------------------------------

To evaluate the carcinogenesis capacity of B(a)p, the visible tumors on the surface of the lung were collected, fixed in 2.5% glutaraldehyde to overnight at 4 °C and postfixing in 1% O~S~O~4~--0.1 mol/l phosphate buffer. Then, ultrathin sections (60 nm) were cut on a microtome, placed on copper grids, stained with uranyl acetate and lead citrate, and exminrd in an electron microscope.

Statistical analysis {#Sec8}
--------------------

Results were presented as mean ± SEM. Data comparison was carried out by two-tailed Student's t-test and one-way ANOVAs using SPSS21.0 (IBM, NC, USA). A two-tailed *P* value \< 0.05 was considered statistically significant.

Results {#Sec9}
=======

NLRP3 deletion inhibited lung tumorigenesis induced by B(a)p plus LPS in mice {#Sec10}
-----------------------------------------------------------------------------

As shown in Fig. [2](#Fig2){ref-type="fig"} and Fig. [3](#Fig3){ref-type="fig"}, mice exposed to B(a)p or B(a)p plus LPS could induce lung tumors, whereas LPS or vehicles treatment could not induce lung tumorigenesis. In WT mice, the tumor incidence of mice exposed to B(a)p plus LPS (96.97%) was increased compared with mice exposed to B(a)p alone (82.05%)(*P* \< 0.05) (Fig. [3](#Fig3){ref-type="fig"}a). Moreover, mice treated with B(a)p plus LPS developed 13.0 ± 12.4 visible tumors/mouse on the surface of the lung, which was significantly higher compared with mice treated with B(a)p alone (4.7 ± 5.7 tumors/mouse)(*P* \< 0.05) (Fig. [3](#Fig3){ref-type="fig"}b). The size of visible tumors on the surface of the lung was assessed with two size categories: ≤1 mm and \> 1 mm. As shown in Fig. [3](#Fig3){ref-type="fig"}c, smaller tumors (≤1 mm) were more abundant in the B(a)p plus LPS treatment than in B(a)p treatment alone (*P* \< 0.05). Also, the frequency of larger tumors (\> 1 mm) was significantly higher in mice exposed to B(a)p plus LPS than in mice exposed to B(a)p alone (*P* \< 0.05). These results indicate LPS enhances B(a)p-induced lung tumorigenesis, suggesting that this study successfully developed a mouse model of inflammation-driven lung tumorigenesis.Fig. 2B(a)p and B(a)p plus LPS exposure induced lung tumors. Representative lung nodules seen in WT mice (**a**, **b**) and NLRP3−/− mice (**c**, **d**) induced by B(a)p or B(a)p plus LPS. Red arrows show visible tumors on the surface of the lungFig. 3B(a)p and B(a)p plus LPS induced lung tumorigenesis in WT mice and NLRP3−/− mice**.** The tumor incidence (**a**), mean tumor count (**b**) and tumor size (**c**) of visible tumors on the surface of the lung from B(a)p-treated and B(a)p plus LPS in WT mice and NLRP3−/− mice. **d** Lung coefficient of WT mice and NLRP3−/− mice exposed to vehicle, LPS, B(a)p or B(a)p plus LPS. \*: vs B(a)p-WT, *P* \< 0.05;\#: vs B(a)p-NLRP3−/−, *P* \< 0.05; ∆: vs B(a)p plus LPS-WT, *P* \< 0.05, ♦: vs LPS-WT, *P* \< 0.05. ND: Not Detectable

To determine if NLRP3 inflammasome plays a vital role in inflammation-driven lung tumorigenesis, we compared the tumor incidence, multiplicity and the size of visible tumors on the surface of the lung in WT mice and NLRP3−/− mice. Similarly, B(a)p plus LPS exposure significantly increased the tumor incidence, mean tumor count and the size of lung tumors than B(a)p exposure in NLRP3−/− mice. Importantly, the lung tumor multiplicity of NLRP3−/− mice exposed to B(a)p or B(a)p plus LPS was significantly less than WT mice treated with B(a)p or B(a)p plus LPS, respectively (*P* \< 0.05). In addition, NLRP3 deletion mainly reduced the growth of B(a)p or B(a)p plus LPS-induced lung tumors (*P* \< 0.05). Taken together, these results demonstrate that NLRP3 deletion significantly inhibits lung tumorigenesis induced by B(a)p or B(a)p plus LPS in mice.

Effects of B(a)p plus LPS exposure on lung coefficient {#Sec11}
------------------------------------------------------

Lung coefficient is also an indicator of lung injury in mice. As shown in Fig. [3](#Fig3){ref-type="fig"}d, b (a)p plus LPS treatment of WT mice induced the rise of lung coefficient compared with that in WT mice treated with vehicles (*P* \< 0.05). In NLRP3−/− mice, lung coefficient in mice exposed to B(a)p and B(a)p plus LPS was significantly increased than mice exposed to LPS alone (*P* \< 0.05), but there were no significant difference between WT mice and NLRP3−/− mice with B(a)p or B(a)p plus LPS treatment, respectively.

Pathological alterations in the lungs of mice exposed to B(a)p plus LPS {#Sec12}
-----------------------------------------------------------------------

As shown in Fig. [4](#Fig4){ref-type="fig"} and Fig. [5](#Fig5){ref-type="fig"}, we found the significantly inflammatory changes in mice exposed to LPS or vehicles including fractures of alveolar walls, infiltration of inflammatory cells and injury of bronchial epithelium compared with the normal control group in WT mice. Interestingly, deletion of NLRP3 improved the inflammatory changes induced by LPS, but vehicles-induced inflammatory changes still persist. B(a)p or B(a)p plus LPS treatment induced the development of lung tumor. The number and size of pathological tumor nests in cross-section of the left lobes of lungs induced by LPS plus B(a)p in WT mice were increased than mice exposed to B(a)p alone, whereas deletion of NLRP3 attenuated the number and size of pathological tumor nests induced by B(a)p or B(a)p plus LPS compared with WT mice, respectively. In addition, as shown in Fig. [6](#Fig6){ref-type="fig"}a, we found WT mice exposed to B(a)p plus LPS induced lung tumorigenesis, which was evidenced by the formation of heterochromatin using transmission electron microscopy. These results indicated that LPS exposure induces marked lung inflammation and damage, and play a critical role in promoting B(a)p-induced lung tumorigenesis. Moreover, NLRP3 deletion prevented lung tumorigenesis induced by B(a)p or B(a)p plus LPS.Fig. 4Pathological alterations in the cross-section of the left lobes of lungs of WT mice and NLRP3−/− mice. The pulmonary morphological alterations in the left lobes of lungs of WT mice (**a**) and NLRP3−/− mice (**b**) exposed to normal control, vehicle control, LPS, B(a)p or B(a)p plus LPS were evaluated by HE staining. **c** The number of pathological tumor nests in cross-section of the left lobes of lungs induced by B(a)p or B(a)p plus LPS in WT mice and NLRP3−/− mice. Red arrows show pathological tumor nests in cross-section of the left lobes of lungs. ND: Not DetectableFig. 5Pathological alterations in WT mice and NLRP3−/− mice with amplification (200×). Pulmonary pathological changes of WT mice (**a**-**e**) and NLRP3−/− mice (**f**-**j**) exposed to normal control, vehicle control, LPS, B(a)p or B(a)p plus LPS were evaluated by HE staining. **a**-**e**: pathological changes of WT mice in different treatment with amplification (200×); (**f**-**j**): pathological changes of NLRP3−/− mice in different treatment with amplification (200×). Blue arrows show inflammatory changes in mice exposed to LPS or vehicles including fractures of alveolar walls, infiltration of inflammatory cells and injury of bronchial epithelium; Red arrows show pathological tumor nests in mice exposed to B(a)p or B(a)p plus LPSFig. 6Lung adenoma and squamous cell carcinoma in WT mice and NLRP3−/− mice induced by B(a)p or B(a)p plus LPS. **A** Representative images of normal lung tissue (a) and tumor (b) by transmission electron microscopy in WT mice. **B** Representative images of lung adenoma (a) and squamous cell carcinoma (b) with amplification (200×). **C** The percentage of lung adenoma and squamous cell carcinoma induced by B(a)p or B(a)p plus LPS in WT mice and NLRP3−/− mice. Red arrows show heterochromatin in lung tumors induced by B(a)p plus LPS. \*: vs B(a)p-WT, *P* \< 0.05; \#: vs B(a)p plus LPS-WT, *P* \< 0.05; ∆: vs B(a)p-NLRP3−/−, *P* \< 0.05, ♦: vs B(a)p plus LPS-NLRP3−/−, *P* \< 0.05

To determine the pathological type of lung tumors induced by B(a)p or B(a)p plus LPS, lung tissue sections were evaluated with HE staining. As depicted in Fig. [6](#Fig6){ref-type="fig"}B, B (a)p or B(a)p plus LPS exposure induced the development of lung adenoma and squamous cell carcinoma. In WT mice, the adenoma incidence of mice exposed to B(a)p (91.7%) or B(a)p plus LPS (85.7%) were significantly increased compared with the development of lung squamous cell carcinoma in respective treatment. Moreover, NLRP3−/− mice treated with B(a)p or B(a)p plus LPS also mainly developed lung adenoma with 92.9% and 87.5%, respectively (Fig. [6](#Fig6){ref-type="fig"}C). However, there was no significant difference in the adenoma incidence or the squamous cell carcinoma incidence between B(a)p treatment and B(a)p plus LPS treatment in WT mice and NLRP3−/− mice, respectively.

Discussion {#Sec13}
==========

Chronic pulmonary inflammation can promote lung tumorigenesis, but the molecular pathways involved remain poorly defined. To better understand the association between pulmonary inflammation and lung cancer, inflammation-driven lung cancer mouse model was developed. LPS, a major proinflammatory glycolipid component of the gram-negative bacterial cell wall, is ubiquitously present in the environment. Studies have showed that LPS could significantly up-regulate the production of inflammatory cytokines via TLR4, NF-κB and NLRP3 signaling pathways \[[@CR8], [@CR21]\], and long-time LPS instillation in mice is reported to be associated with chronic lung inflammation and persistent pathologic alterations \[[@CR22]\]. In addition, Tamene Melkamu et al. have established a mouse model of inflammation-driven lung cancer induced by LPS plus NNK using A/J mice, and found critical roles of PI3K/Akt, NF-kB and STAT3 signaling pathways involved in lung tumorigenesis \[[@CR9]\]. Similarly, a mouse model of inflammation-driven lung squamous cell carcinoma (LSCC) with A/J mice was induced by Nnitroso-trischloroethylurea (NTCU) and enhanced by LPS \[[@CR23]\]. A/J mice strain has been reported that it is sensitive to lung cancer induction by carcinogen and has a high incidence of spontaneous lung adenomas \[[@CR24]\]. However, the C57BL/6J mice strain, a common inbred strain of laboratory mouse and the most widely used mouse strain for use as models of human disease, has a low susceptibility to tumors. To develop a facile mouse model of lung tumorigenesis in C57BL/6J mice strain, in this study, mice was instilled with B(a)p and LPS to induce lung tumorigenesis, and we found pulmonary inflammation induced by LPS enhanced B(a)p-induced lung tumorigenesis, as evidenced by increased tumor incidence, mean tumor count and tumor size of visible tumors on the surface of lungs, which was in line with the above reports. In addition, B(a)p and LPS exposure significantly increased lung coefficient compared with mice treated vehicles, and the increase in lung coefficient may be attributed to the developed tumor nodules. All these findings indicated that this study successfully developed a C57BL/6J mouse model of inflammation-driven lung tumorigenesis, which could provide a better study strategy to better understanding the effect of pulmonary inflammation on lung cancer through developing a knockout mouse model on a C57BL/6J background.

NLRP3 deletion significantly suppressed the tumor incidence, mean tumor count and tumor size of visible tumors on the surface of lungs induced by B(a)p or B(a)p plus LPS, implying NLRP3 inflammasome may be involved in the enhancement of pulmonary inflammation in lung tumorigenesis. It has been well documented that NLRP3 inflammasome was increasingly associated with tumor development, but its role in different cancer was inconsistent. Findings from previous studies demonstrated the protective role of NLRP3 inflammasome in colorectal tumorigenesis. Indeed, NLRP3 inflammasome-deficient mice, including NLRP3−/−, ASC−/− and Caspase-1−/− mice, were increased highly susceptible to colitis-associated colorectal tumor formation \[[@CR25]\]. However, dextran sodium sulfate (DSS)-induced colitis could be mediated by the NLRP3 inflammasome activation-induced caspase-1 cleavage and IL-1β secretion, and mice lacking NLRP3 were significantly protected from colitis \[[@CR26]\]. Another study using human lung adenocarcinoma A549 cells demonstrated that NLRP3 inflammasome activation can enhance the proliferation and migration of A549 cells \[[@CR27]\]. In addition, NLRP3 inflammasome pathway contributed to the development and progression of last stage human melanoma cells \[[@CR28]\], its promoted role in cancer formation was consistent with the present results.

Histopathological observation not only confirmed that LPS-induced lung inflammatory changes and pathological injury enhanced B(a)p-induced lung tumorigenesis, and NLRP3 deletion significantly improved these changes, but also found that B(a)p exposure and B(a)p plus LPS exposure predominately induced the occurrence of lung adenoma in this study. Indeed, it has been demonstrated that lung tumors induced by chemical carcinogens almost are pulmonary adenoma and adenocarcinomas, including polycyclic aromatic hydrocarbons, nitrosamines and so on \[[@CR29]\]. B(a)p, the derivative of polycyclic aromatic hydrocarbons, can induce DNA damage through the enhanced formation of covalent B(a)p-DNA adducts, results in lung tumorigenesis \[[@CR12]\]. In addition, the formation of heterochromatin also suggested the carcinogenic capacity of B(a)p by transmission electron microscopy. Thus, our results verified that B(a)p or B(a)p plus LPS could induce lung cancer, especially lung adenoma, and successfully provided some evidence regarding the role of NLRP3 in inflammation-driven lung tumorigenesis through our mouse models.

Conclusions {#Sec14}
===========

Our results from this study demonstrated that LPS enhanced B(a)p-induced lung tumorigenesis in WT and NLRP3−/− mice of C57BL/6J strain, and NLRP3 deletion inhibits lung tumorigenesis induced by B(a)p or B(a)p plus LPS. However, the mechanism of NLRP3 expression and NLRP3 inflammasome activation in inflammation-related lung cancer should further investigate.

ASC

:   Apoptosis-associated speck-like protein

B(a)p

:   Benzo(a)pyrene

COPD

:   Chronic obstructive pulmonary disease

DSS

:   Dextran sodium sulfate

IL

:   Interleukin

LPS

:   Lipopolysaccharide

LSCC

:   Lung squamous cell carcinoma

NLR

:   NOD-like receptor

NNK

:   4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone

NTCU

:   Nnitroso-trischloroethylurea

WT

:   Wide-type

We thank all the participants in this study, and Professor Aihua Zhang for kindly providing us NLRP3-/- mice, and Professor Xuejian Feng, a pathologist in Center for Drug Safety Evaluation of Zhengzhou University, for his help in histological diagnoses in mouse lung cancer. We also thank all the anonymous reviewers for their comments and suggestions to this report.

Funding {#FPar1}
=======

This work was supported by the National Natural Science Foundation of China (81402712); and the outstanding youth grant of Zhengzhou University (No.1421329082); and the training grant of Zhengzhou University (2017ZDGGJS039); and the grant from Henan Department of Education (No.14A330001); and the grants from Henan Department of Science and Technology, China (No. 162102310319, 162102310602); and the program of scientific and technological innovation talents of Henan Province (No. 154200510015); and the grant of Medical Science Research Foundation of Henan Province (No. 2018020477).

Availability of data and materials {#FPar2}
==================================

Source data and material will be available upon request.

LH finished all the experiments, analyzed data and wrote the manuscript; SD and HS participated in and did a lot of experiments in this study; AZ provided NLRP3−/− mice generously for this study; SC provided the guidance for breeding and genotyping of NLRP3−/− mice; PZ and YW guided the methods of all the experiments; NW provided help for analyzing the data; WW directed the study implementation, including quality assurance and control of experiments; JW and HL helped to discriminate the lung cancer in mice; WY and QZ guided this project and the experiments; FF designed this project and revised the manuscript. All authors read and approved the final manuscript.

Ethics approval {#FPar3}
===============

All experimental procedures were approved by the Life Science Institutional Review Board of Zhengzhou University and performed strictly in accordance with the Guideline of Zhengzhou University for Animal Experiments.

Consent for publication {#FPar4}
=======================

Not applicable.

Competing interests {#FPar5}
===================

The authors declare that they have no competing interests.

Publisher's Note {#FPar6}
================

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
